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The valence band offsets in rf-sputtered Indium Tin Oxide (ITO)/single crystal B-Ga,03 (ITO/Ga,03)
heterostructures were measured with X-Ray Photoelectron Spectroscopy using the Kraut method. The
bandgaps of the component materials in the heterostructure were determined by Reflection Electron
Energy Loss Spectroscopy as 4.6eV for Ga,03; and 3.5eV for ITO. The valence band offset was deter-
mined to be —0.78 +0.30eV, while the conduction band offset was determined to be —0.32+0.13 eV.
The ITO/Ga, 03 system has a nested gap (type I) alignment. The use of a thin layer of ITO between a metal
and the Ga,Os is an attractive approach for reducing contact resistance on Ga,03-based power electronic

devices and solar-blind photodetectors.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The B-polytype of Ga, 03 is attracting much recent interest for
its applications to sensors, high power electronics and solar blind
UV photodetectors [1-15]. The bandgap of this material (4.6eV) is
larger than that of either GaN or SiC and therefore has a higher the-
oretical breakdown field (~8 MV cm~1) [1,3]. Experimental values
have already reached 3.8 MV cm~! [5] because of rapid progress in
achievement of high quality bulk single crystals and epitaxial layers
with controlled n-type conductivities [1,3]. Ga03 has other desir-
able properties, including high radiation hardness, good transport
properties, a bandgap suited to true solar-blindness [14,15] and
the commercial availability of low defect density wafers of large
area. The promising device results for Ga,03-based power recti-
fiers, transistors and solar blind photodetectors show that, given
adequate thermal management methods, this material can expand
the range of applications in military and commercial power switch-
ing and surveillance.

An issue with any new wide bandgap semiconductor technol-
ogy is the need for low resistance improved Ohmic contacts that
do not require excessive thermal treatments [16,17]. At this stage,
only n-type Ga,0j3 is available and so majority-carrier devices dom-
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inate. The lowest specific contact resistances achieved to date on
Ga,03 were in the range 4.6-8'10-% Q x cm~2 for Ti/Au contacts
on n-Ga,03 epitaxial layers in which Si ions were implanted and
annealed at 925 °C to locally increase the doping concentration in
the contact region [16]. This process was followed by dry etching,
metal deposition and annealing at 470°C [16]. Oshima et al. [17]
reported use of sputtered Indium Tin Oxide (ITO) on n-Ga, 03, fol-
lowed by annealing at 900-1150 °C. They found that Pt/ITO contacts
on n-Ga, 03 showed superior Ohmic contacts to Pt/Ti and attributed
this to the formation of an interfacial layer with lower bandgap
and higher doping concentration than the Ga;03 alone [17]. This
interfacial layer promoted improved electron transport across the
heterointerface

This is a case of one of the common approaches to lowering
Ohmic contact resistance on wide bandgap oxide or nitride semi-
conductors, which generally take the form of surface cleaning or
doping to reduce barrier height or increase of carrier concentra-
tion of the surface through preferential loss of oxygen (nitrogen)
[3,6,7,18,19]. It is clear from the literature on Ga;0O3 photodetec-
tors that the current-voltage (I-V) characteristics for contacts on
n-type Ga,0Os3 are not linear at low current and show the need
for improved contact approaches. The large electron affinity of 3-
Gay03 (4.00+£0.05eV) [19] means that there are few choices for
making a direct Ohmic contact and interfacial layers will be needed.
It is important to understand the band alignment at these heteroin-
terfaces [20,21].
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ITO is already commonly used a transparent current-spreading
electrode on GaN-based light-emitting diodes [22] and is val-
ued for its excellent electrical and optical properties and the fact
its processing temperatures are compatible with standard semi-
conductor processes [23-29]. ITO-based transparent electrodes
are standard in liquid crystal displays and it has a very low
resistivity (<10~4Q.cm) due to the high carrier concentration
(>10%21 cm—3) and mobility (>50 cm?/Vs) possible in this material
[27,28]1223,27,28]. To be used as a contact layer on Ga; 03, we need
to establish the band alignment to ensure that there is no barrier
to electron transport from the contact layer into the Ga;0s.

In this paper, we report on the determination of the band
alignment in the ITO/Gay03 heterostructure. We employ X-Ray
Photoelectron Spectroscopy (XPS) to determine the valence band
offsets and by measuring the respective bandgaps of the ITO (3.5 eV)
and Ga, 03 (4.6 eV), we were also able to determine the conduction
band offset in ITO/Ga,; 03 heterostructures.

2. Experimental

The ITO was deposited by RF magnetron sputtering on Ga;03
and quartz substrates at room temperature using a 3-in. diame-
ter target of pure ITO. The RF power was 125W and the working
pressure was 5mTorr in a pure Ar ambient. The dc bias on the
electrode under these conditions is in the range 30-40V. The
bulk 3-phase Ga;03 single crystals with (—201) surface orienta-
tion (Tamura Corporation, Japan) were grown by the edge-defined
film-fed growth method. Hall effect measurements showed the
sample was unintentionally n-type with an electron concentration
of ~3 x 10'7 cm~3. Note that the samples were not exposed to air
prior to the subsequent X-Ray Photoelectron Spectroscopy (XPS)
measurements to avoid complications from surface contamination
[30-35]. The latter may lead to less accurate band gap measure-
ments when using reflection electron energy loss spectroscopy
[36-38].

To obtain the valence band offsets, XPS survey scans were per-
formed to determine the chemical state of the ITO and Ga,;03
and identify peaks for high resolution analysis [32,33]. A Physical
Electronics PHI 5100 XPS with an aluminum x-ray source (energy
1486.6 eV) with source power 300W was used, with an analysis
area of 2 mm x 0.8 mm, a take-off angle of 50° and an acceptance
angle of +7 degrees. The electron pass energy was 23.5eV for the
highresolution scans and 187.5 eV for the survey scans. The approx-
imate escape depth (3 \ sin 0) of the electrons was 80 A. All of the
peaks are well-defined in this system and we didn’t need to curve
fit the data.

Charge compensation was performed using an electron flood
gun, due to the dielectric nature of the films. The charge compen-
sation flood gun is often not sufficient at eliminating all surface
charge, and additional corrections must be performed. Using the
known position of the adventitious carbon (C—C) line in the C
1s spectra at 284.8 eV, charge correction was performed. During
the measurements, all the samples and electron analyzers were
electrically grounded so they were performed providing a com-
mon reference Fermi level. Differential charging can be a serious
concern for photoemission dielectric/semiconductor band offset
measurements [35]. While the use of an electron flood gun does
not guarantee that differential charging is not present and in some
cases could make the problem worse, our experience with oxides
on conducting substrates has been that the differential charging is
minimized with the use of an electron gun. Calibrations with and
without the gun and verified that was the case. Our procedure has
been described in detail previously [30,31]. In our experiments, we
have not observed clear signs of differential charging between the
ITO and the Ga,0s3, but that does not preclude this effect being
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Fig. 1. XPS survey scans of ITO, 1.5nm ITO on Ga,03; and Ga, 03 bulk sample.
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Fig. 2. XPS spectra of core levels to valence band maximum (VBM) for bulk Ga, 03
(top) and thick film ITO (bottom).
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Fig. 3. Reflection electron energy loss spectra to determine the bandgap of bulk
Ga; 03 (top) and for thick ITO (bottom).

present in future investigations of other oxides or different relative
thicknesses of oxide and semiconductor or different conductivity
levels in the Ga;05.

Reflection electron energy loss spectroscopy (REELS) was
employed to measure the bandgaps of the ITO and Ga;03. REELS
is a surface sensitive technique capable of analyzing electronic and
optical properties of ultrathin gate oxide materials because the
low-energy-loss region reflects the valence and conduction band
structures [36-38]. While the UV/Vis technique requires relatively
thick films (>0.5 wm) to determine the band gap, REELS has the
advantage of only needing a thicker film than the sampling depth,
so only a few nanometers are actually required. REELS spectra were
obtained using a 1 kV electron beam and the hemispherical electron
analyzer.

3. Results and discussion

Fig. 1 shows the XPS survey scans of thick (200 nm) ITO, 1.5 nm
ITO on Ga;03 and Ga;03 bulk crystals. The spectra are free from
contaminants and consistent with past published XPS data on these
materials [20].

The valence band maximum (VBM) was determined by linearly
fitting the leading edge of the valence band and the flat energy dis-
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Fig. 4. High resolution XPS spectra for the vacuum-core delta regions of (top) the
bulk Ga,; 03 (top) and ITO (bottom).
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Fig. 5. High resolution XPS spectra for the Ga, 03 to ITO-core delta regions.
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Table 1
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Values of core levels and valence band offsets determined in these experiments (eV).

Reference Ga,03

Reference ITO Thin ITO on Ga;03

Ga,; 03 metal core Ga;03 VBM Metal Core Metal core-Ga, 03 ITO VBM In 3d5 In CLGa Valence
level VBM core-level 3d5-VBM 2p3-In 3d5 band offset
Ga2p3 3.20 1118.10 1114.90 2.74 44512 442.38 673.30 -0.78
_ 0a:0, ITO — —
AEc= E;% — EJTO - AE, AEc= 4.6eV — 3.5eV — 0.78eV = 0.32eV
ITO Gaz 03
£C4:0:
ITO Ga,0, £rro § 8E = 0.32V ¢
AEc = 0.32¢eV
E;m = 3.5eV
;%% = 4.6eV
mo _ Ga:0; _
Eg'¢ = 3.5¢V Eg = 4.6eV ElFo
AEy = 0.78¢V
EGn:O,
Y v
AEy = 0.78¢V

Fig. 6. Summary (left) and detailed (right

tribution from the XPS measurements, and finding the intersection
of these two lines, as shown Fig. 2 for the bulk Ga,; 053 (top) and thick
ITO (bottom). The VBM was measured to be 3.2 +£0.3 eV for Ga, 03,
which is consistent with previous reports [20] and 2.74 + 0.3 eV for
the ITO.

The bandgap of the Ga,03 was determined to be 4.6+ 0.3 eV,
as shown in the REELS spectra in Fig. 3 (top). The band gap was
determined from the onset of the energy loss spectrum [36]. The
measured band gap for the sputtered ITO was 3.5+ 0.3 eV, which
is consistent with literature values. The difference in bandgaps
between ITO and Ga; 03 is therefore 1.1 eV and thus has the poten-
tial to provide a significant conduction band offset to enhance
electron transport. To determine the actual band alignment and
the respective valence and conduction band offsets, we examined
the core level spectra for the samples.

High resolution XPS spectra of the VBM-core delta region are
shown in Fig. 4 for the Ga; 03 (top) and thick ITO (bottom) samples.
These were used to determine the selected core level peak posi-
tions. Fig. 5 shows the XPS spectra for the Ga,; 03 to ITO-core delta
regions of the heterostructure samples. These values are summa-
rized in Table 1 for the three samples examined and these were
then inserted into the following equation to calculate AEv [32,33]:

AEy = (Ecore — EvBM )ref.Ga, 04 — (Ecore — EvBM)gef.ito

= )

ITO

Ga, 03 _ RITO
E E Gay 03

Core Core

(Ev = Ejnzas)mo

= 442.38¢V
(Ev = Ecazp3)g,. g,
=11149eV
Ga,0.
EA:Z} ?
Ber= Egesy — EMM9ys = 6733V
EITO !
In3ds

) band diagrams for ITO/Ga,; O3 heterostructure.

Fig. 6 shows both a simplified and detailed band diagram of the
ITO/Ga,03 heterostructure. Our data shows this is a nested, type
I alignment, with a valence band offset of 0.78 +0.21 eV and the
conduction band offset is then 0.32 +0.1 eV using the following
equation:

AEc = Eg®% —E[I0 — AEy

ie. AEc = 4.6eV—-3.5eV—0.78eV = 0.32¢eV

This data shows that in the as-deposited state, the ITO has a
lower bandgap and favorable band alignment for improving elec-
tron transport across the heterointerface with n-type Ga,03. Future
work should investigate the effect of post-deposition annealing
on the band alignment, as Oshima et al. showed that this greatly
improved Ohmic contact resistance. As we discussed earlier, in
these experiments we have found that charging and differential
charging are not significant problems with the configuration and
samples used. There are analytical methods for correction from the
work by Bersch et al. [35] and physical methods to electrically iso-
late the entire sample, thereby eliminating the conductive film from
gaining any lost electrons. If annealed samples are examined, such
corrections might be needed if the conductivity of the materials
near the surface changes significantly.

3.1. Summary and conclusions

The ITO/Ga,03 heterojunction has a nested gap alignment of
band offsets with a valence band offset of —0.78 eV and a conduction
band offset of —0.32 eV determined from XPS measurements. The
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insertion of ITO interlayers to improve contact resistance of Ohmic
contacts on n-type Ga,0j3 layers is an attractive option.
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